The annual minimum of lake surface water temperature influences ecological and biogeochemical processes, but variability and change in this extreme have not been investigated. Here, we analysed observational data from eight European lakes and investigated the changes in annual minimum surface water temperature. We found that between 1973 and 2014, the annual minimum lake surface temperature has increased at an average rate of + 0.35°C decade −1 , comparable to the rate of summer average lake surface temperature change during the same period (+ 0.32°C decade −1 ). Coherent responses to climatic warming are observed between the increase in annual minimum lake surface temperature and the increase in winter air temperature variations. As a result of the rapid warming of annual minimum lake surface temperatures, some of the studied lakes no longer reach important minimum surface temperature thresholds that occur in winter, with complex and significant potential implications for lakes and the ecosystem services that they provide.
Introduction
Several studies have investigated the impacts of climate change on lake surface water temperature (Livingstone 2003; O'Reilly et al. 2015; Magee et al. 2016) . These have provided overwhelming evidence that lakes are warming on a global scale, with some lakes warming faster than local surface air temperatures (Austin and Colman 2007; Schneider and Hook 2010; O'Reilly et al. 2015) . The current rate of warming is unprecedented since the start of the twentieth century (Woolway et al. 2017a ). However, while there is sufficient evidence to demonstrate that lakes are warming, most long-term analyses have focused on summer-average lake surface temperature trends, investigating either single-point observations (Schneider and Hook 2010; O'Reilly et al. 2015) , lake-wide averages (Woolway and Merchant 2017) or spatially resolved temperatures from satellites (Woolway and Merchant 2018) . Temperature changes during other seasons have received comparatively little attention, focusing either on single lakes or a small number of lakes within a specific region (Lenters 2004; Schmid and Köster 2016; Winslow et al. 2017; Woolway et al. 2017a) . Previous studies have also focused typically on the influence of climate change on monthly, seasonal or annually averaged observations. However, the cold extreme of minimum lake surface temperature attained within any given year is also highly pertinent to a large variety of physical, chemical and biological processes.
Winter temperature is of great importance to lake ecosystems, and the annual minimum temperature sets a strong control on many processes occurring in lakes (Hampton et al. 2017 ). Higher winter temperatures, previously inferred from the analysis of isolated extreme events (e.g., the mild winter of , have been shown to have a striking and long-lasting influence on lake ecology (Straile et al. 2003; Rempfer et al. 2010; Straile et al. 2010) , including the distribution and population dynamics of species (Straile and Stenseth 2007) . Winter lake surface temperatures influence the formation of ice cover, a process that has a direct effect on many lake ecosystem processes (Hampton et al. 2017; Sharma et al. 2019) . Surface temperature during winter can also affect the duration of the period of homothermy, a state in which deep lakes can mix fully, allowing the transport of oxygen from surface to deep waters and the transport of dissolved nutrients in the opposite direction (Straile et al. 2003) . Surface temperature change during winter can therefore be very informative of stratification dynamics and can provide useful information on the lake thermal environment, which will have repercussions throughout the year in terms of biogeochemistry, organismal metabolism and the availability of suitable habitat for biota.
Some modelling studies have predicted an increase in lake minimum temperature with climate change (Elo et al. 1998; Fang and Stefan 1999) . However, relatively little has been reported directly from observations about how minimum lake surface temperatures have responded to climatic variability and trends. Thus, there are still substantial gaps in knowledge of how minimum lake surface temperatures respond to warming, in particular at the regional and global scale. In this study, we analysed how annual minimum lake surface temperatures have changed based on long-term in situ lake surface temperature observations from some of Europe's best-monitored lakes. Unlike seasonally averaged lake temperature studies, where many observations are used to calculate long-term trends, the minimum lake surface temperature is based on a single extreme value each year and, thus, has greater inter-annual variability. The variability makes the effects of climate change more difficult to detect, a reason why we selected only lakes with long (> 40 years) observational records. In addition, we restricted our analyses to lakes that usually do not freeze during winter since the annual minimum surface water temperature of ice-covered lakes is 0°C, and therefore per default, there cannot be a trend. The main intention of this study was to analyse the temporal development of annual minimum lake surface temperatures across Europe.
Methods

Lake surface temperature observations
The lakes investigated in this study were selected based on the availability of near-continuous long-term observations of lake surface water temperature during all seasons as well as the criteria mentioned above. The study addresses eight lakes in Europe, situated in Ireland (1), the UK (5), Austria (1) and Switzerland (1) ( Table 1) . The lakes investigated vary in their geographical and morphological characteristics. They range in altitude between 20 and 440 m above sea level, in surface area between 0.1 and 67.0 km 2 and in mean depth between 3.9 and 49 m ( Table 1) . The lake surface water temperature data sequences available from each of these lakes are some of the longest available from anywhere in the world. The majority of the data were collected between 1973 and 2014. Specific details of the temperature observations for each lake are provided below, and the lake surface water temperature data used in this study is available online.
Lake surface temperature data from Lough Feeagh (County Mayo, Ireland; 53.945°N, − 9.576°E) were recorded at a site 60 m along the outflow, which was sampled daily at a depth of < 1 m. Lake surface temperature recordings were continuous, via in situ paper or sensorbased recorders, and compiled daily. From 1960 to 2004, a paper chart recorder with a mercury thermometer was used. From 2004 to 2009, a StowAway TidbiT temperature data logger from Onset (TB132-05+37) was used. From 2009 to the present day, data were collected using a temperature sensor on an Orpheus Mini Water Level Recorder from OTT Hydrometry (http://www.ott.com/products/water-level-1/ott-orpheus-mini-water-level-logger-3/). For all data sources, the midnight temperatures were extracted each day. When sensors were changed in 2004 and 2009, overlapping data were used to confirm that there were no significant jumps in the data that would introduce bias to the long-term trend.
Lake surface temperatures were measured in four adjacent lake basins of different sizes within the English Lake District, UK: Blelham Tarn (54.396°N, − 2.977°E), Esthwaite Water (54.363°N, − 2.987°E), Windermere North Basin (54.379°N, − 2.934°E) and Windermere South Basin (54.316°N, − 2.951°E) (Maberly and Elliott 2012) . Lake surface temperatures were recorded at weekly or two-weekly intervals in the morning, typically between 10:00 and 12:00, just below the surface at the deepest point in each basin. A range of sensors, all checked periodically with high-precision thermistors, were used to measure water temperature between 1947 and 2015 (George et al. 2004) .
Loch Leven, situated in Scotland, UK (56.197°N, − 3.378°E), was sampled bi-weekly and from the subsurface at an approximate depth of 0.01 m. Lake surface temperatures were recorded in the morning, typically between 10:00 and 12:00 with a mercury-in-glass thermometer in a Ruttner closing bottle or with digital temperature probes that were all cross checked for accuracy against a certified mercury-in-glass thermometer with an accuracy of 0.1°C. Data were taken from one of two sites, one in open water at Reed Bower, a long-term monitoring site with a depth that corresponds to the mean depth of the lake (i.e., 3.9 m), and the other at the outflow. These were sampled interchangeably, depending on weather conditions. As Loch Leven is relatively small and well mixed, surface temperature within the lake changes consistently across its area. Specifically, a comparison of fortnightly observations from both sampling locations in Leven from 1988 to 2015 shows a strong linear relationship ( Fig. S1 ; r 2 = 0.99). This demonstrated that there is minimal intra-lake heterogeneity of surface water temperature responses to climate change at the site, in contrast to the situation that has been reported in some large lakes across the Northern Hemisphere (Woolway and Merchant 2018) . So, we do not expect any biases to be introduced to the calculated long-term trends as a result of changes in the sampling locations.
Lake surface temperature data from Wörthersee, Austria (46.628°N, 14.127°E) were extracted from the yearbooks of the hydrographic service Austria. Lake temperature data were collected daily at a depth of~0.2 m and obtained from the lake level gauging station. Sampling was performed between 08:00 and 10:00 throughout the observational period. Table 1 General characteristics of the lakes from which lake surface water temperatures were used in this study. Shown are the names of each lake, their latitude, longitude, elevation, mean depth, surface area, the rate of change in annual minimum lake surface temperature (T min ), and the rate of change in July-September average lake surface temperatures (T JAS ).
Also, shown are the 95% CI of the calculated trends. Lake temperature trends are based on observations available from 1973 to 2014, the years for which all lakes had available data Lake onwards using a Hydrolab DS5 multisonde (OTT Hydromet GmbH, Germany). All instruments were regularly calibrated, and measurements are expected to be correct within 0.1°C. A detailed description of the data collected at Lower Lake Zurich is also given by Sharma et al. (2015) and by Peeters et al. (2002) . We analyse lake temperature data from 1945 to 2017 in this study. The monthly sampling interval in Lower Lake Zurich likely introduces some bias and uncertainty to the analysis, as it is unlikely that the lowest temperature was actually recorded for any given year. Although we decided to include data from Lower Lake Zurich in this study, the low sampling frequency must be taken into consideration when interpreting the results. In winter 1962/1963, Lower Lake Zurich was ice-covered for more than a month. Temperature sampling was interrupted during this time and, thus, is not included in this analysis. This was the only time during the study period where ice was present on the studied lakes.
The consistency in the time of day at which the surface temperature measurements were made in each lake is essential to ensure that no biases are introduced to the time series as a result of the large diel variability in surface water temperature (Woolway et al. 2015a (Woolway et al. , 2016 . This consistency over the > 40 years in each studied lake allows the changes over time to be interpreted with confidence. A limitation of the lake surface temperature measurements is that only one observation was available per day in the studied lakes. Therefore, it is likely that the lowest temperature (i.e., minimum) on a given day could have been missed. In addition, the time of day during which the surface temperature measurements were taken differ among the studied lakes, an inconsistency to bear in mind while interpreting the across-lake comparisons and when generalising these results to other lakes.
Surface air temperature observations
In this study, we inform our lake surface temperature analysis using air temperature observations from HadISD (Dunn et al. 2012) , which is a quality-controlled synoptic meteorological dataset used for climate applications at subdaily resolution (https://www.metoffice.gov. uk/hadobs/hadisd/). Air temperature observations for each lake were selected from the nearest meteorological station within the HadISD dataset (all within 80 km of the lake). Data are available from 1973 to the present day. As a measure of mean climatic conditions near each lake throughout the study period, we compared the calculated annual minimum lake surface temperatures with air temperatures averaged over 1 month prior to the day of year in which the minimum lake surface temperature occurred. This averaging period is used to account for the fact that lake surface temperatures are responsive to air temperature anomalies (in addition to other meteorological forcing) on longer than daily time scales, since the lake integrates the daily heat flux over time (Piccolroaz et al. 2013; Woolway et al. 2015b) . One caveat to this, however, is that the duration during which lake surface temperature anomalies are influenced by air temperature anomalies can differ between lakes, with deeper lakes being responsive to air temperature variations on longer timescales (Woolway and Merchant 2017) . Nonetheless, in this study, we use 1 month as an approximate period during which lake surface temperatures are influenced by air temperature variations.
Statistical methods
We analysed long-term trends using ordinary least-squares linear regression models. Trends were estimated as the slope of a linear trend model using data from 1973 to 2014, the years in which all lakes had observations. A LOWESS smoother was used to illustrate long-term change in the annual minimum lake surface temperature. All calculations in this study were performed using R version 3.5.1 (R Development Core Team 2018).
For lakes with daily observations of lake surface temperature, we estimated how the frequency of temperature observations, which varied among the lakes, influenced the trend and inter-annual variability in the computed annual minimum lake surface water temperature. Specifically, we reduced the sampling frequency from daily to 21 days at 1-day increments and re-calculated the annual minimum lake surface temperature. The down-sampled data were then compared to the original time series.
Annual minimum lake surface temperatures were compared with the more frequently studied warm season lake surface temperatures, which we define in this study as the JulySeptember averages, in-line with previous lake surface temperature studies ( 
Results
Lake surface temperature records investigated in this study showed a substantial increase in annual minimum temperatures during the historic period (Fig. 1) . All of the studied lakes experienced a relatively steady increase in annual minimum lake surface temperature, notwithstanding substantial inter-annual variability. Also noteworthy are the lakes for which the number of years in which the annual minimum lake surface temperature cooled to 4°C, near the temperature of maximum density of fresh water, has decreased (Fig. 1) . For example, Windermere North Basin no longer cools to 4°C each year, and the minimum temperature of other lakes, such as Wörthersee, is approaching rapidly this temperature threshold.
A positive least-squares trend was calculated for the annual minimum surface temperature in each lake from 1973 to 2014, the years in which all lakes had available data ( Table 1 ). The average rate of change across the eight lakes during this period was + 0.35°C decade −1 (95% CI of the average: 0.27, 0.43), with the rates of change varying among lakes between + 0.12°C decade −1 (Lower Lake Zurich) and + 0.51°C decade −1 (Wörthersee). Strong correlations between the annual minimum lake surface temperature and the site-specific surface air temperatures, averaged over 1 month prior to the day of year in which the minimum lake surface temperature occurred, were calculated (Fig. 2) . When local air temperatures were anomalously high, the annual minimum lake surface temperature was also higher. The correlation between air temperature and annual minimum lake surface temperature in some lakes, such as Windermere North Basin, was strong (r 2 = 0.60), illustrating that a large proportion of the inter-annual variability in annual minimum lake surface temperature is explained by air temperature changes at that time of year. For lakes with available daily surface water temperature observations (Feeagh and Wörthersee), we investigated the influence of sampling frequency on the inter-annual variability and the rate of change in annual minimum lake surface temperature (Fig. 3) . We found that down-sampling the daily lake surface temperature observations to a 21-day sampling frequency does not influence the calculated rate of change in annual minimum surface temperature in these lakes. Specifically, the calculated rate of change of the down-sampled data lies within the 95% confidence interval of the rate of change calculated with daily observations. However, the representativeness of the interannual variability in annual minimum lake surface temperature decreases with a decrease in sampling frequency (Fig. 3) . In particular, the computed correlation coefficient between the annual minimum lake surface temperature calculated from the daily data and that calculated from the down-sampled time series decreases with a decrease in sampling frequency.
The rate of change in annual minimum lake surface temperature is comparable to, but not correlated with, the rate of change in July-September average lake surface temperature (Fig. 4) . During July-September, all lakes showed a positive least-squares trend in their surface temperature between 1973 and 2014 ( Table 1 ). The average rate of change across the eight lakes during this Sampling resolution (days) Fig. 3 Comparison of the calculated annual minimum lake surface water temperature from the observed data (as shown in Fig. 1 ) with those calculated from a time series whereby the sampling frequency was reduced from daily to 21 days at 1-day increments. Shown are a, c the inter-annual variability in the annual minimum observed and downsampled lake surface water temperature time series and b, d the calculated rate of change in minimum lake surface temperature from 1973 to 2014. In b and d, the solid black horizontal line represents the calculated rate of change from the observed annual minimum temperature, and the dashed lines represent the 95% confidence interval ( Table 1 ). Note that a sampling resolution of 1-day is equal to the raw daily data. Lake temperatures are shown only for lakes with daily lake surface temperature observations: a, b Feeagh, Ireland, and c, d Wörthersee, Austria. The grey lines in b and d show the computed correlation coefficients (r 2 ) between the observed annual minimum lake surface water temperature and that calculated from the down-sampled time series (as shown in a and c) period was + 0.32°C decade −1 (95% CI of the average 0.22, 0.42), with the rates of change varying among lakes between + 0.08°C decade −1 (Feeagh) and + 0.52°C decade −1 (Leven). In some lakes, such as those situated in the UK (Blelham Tarn and Esthwaite Water) and Ireland (Feeagh), the increase in annual minimum lake surface temperature is considerably higher than the rate of change in July-September averaged surface temperatures. Annual minimum surface temperatures in Blelham Tarn are increasing at a rate approximately twice that of the July-September surface temperature change, and in Feeagh, annual minimum lake surface temperatures are increasing four times faster than July-September surface temperature averages (Fig. 4) .
Discussion
We investigated the influence of climate change on the annual minimum surface water temperature of some of Europe's best monitored lakes. Lake surface water temperature responses to climate change had been investigated previously, but our study is the first to investigate and compare annual minimum lake surface temperatures using long-term observational data from numerous lakes. Based on these long-term observations, we found a largescale increase in annual minimum surface temperature, with an average warming rate of + 0.35°C decade −1 (range + 0.12 to + 0.51°C decade −1 ) across eight study lakes in Europe.
The increase in annual minimum lake surface temperatures observed in this study correlated with the inter-annual variability in winter air temperature. A perfect fit between these temperature time series was not expected due to climate-induced changes in other variables such as wind speed (Woolway et al. 2017b ) and solar radiation (Schmid and Köster 2016) that can influence greatly the lake surface energy budget and, thus, lake surface water temperature. However, the strong correlations imply that changes in winter air temperature have an important influence on the minimum lake surface temperature attained within a given year.
The impacts of increasing annual minimum surface temperatures on lakes differ but are likely to be as important as the impacts of increases in summer-average lake surface temperature Wörthersee, Austria Fig. 4 Comparison of the rate of change in July-September average lake surface temperature and the rate of change in annual minimum lake surface temperature. The grey lines represent the 95% confidence interval of the calculated trends. The black diagonal line gives the 1:1 relationship warming (+ 0.32°C decade −1 ), which has been more widely studied globally (O'Reilly et al. 2015 ). An increase in the annual minimum lake surface temperature can imply that a critical temperature threshold is crossed. One of the most important surface temperature thresholds in lakes with regard to physical lake processes is 4°C, the temperature of maximum density of freshwater. This is especially critical for deep monomictic lakes as it has a direct influence on the duration of the period of homothermy during which a lake can mix fully in winter as well as the depth of mixing. In particular, if the surface temperature of deep lakes does not fall to 4°C, positive stratification can persist from one summer to the next without interruption, inhibiting complete turnover and resulting in deepwater carryover (Peeters et al. 2002) . This, in turn, results in a warming of the hypolimnion (Livingstone 2003; Dokulil et al. 2006 ) and reduced replenishment of deepwater dissolved oxygen (Livingstone 1997; Straile et al. 2003; Rempfer et al. 2010) . There is some evidence that this may, indeed, already be taking place, with deeply penetrative mixing being suppressed in some traditionally monomictic lakes during increasingly mild winters (Livingstone 1993; Peeters et al. 2002; Woolway and Merchant 2019) , resulting in a decrease in deepwater oxygen concentrations (North et al. 2014) . Oxygen depletion and high hypolimnetic temperatures can also affect other biogeochemical processes in lakes resulting in, for example, enhanced nutrient release at the sediment-water interface (Marsden 1989; Søndergaard et al. 2003) . The lack of complete mixing can also cause reduced phosphorus availability in the surface water of lakes at the beginning of the growing season or create different initial conditions for some algal groups in spring (Yankova et al. 2017) . Rising minimum lake temperatures will also change habitats for cold water species (McGinnity et al. 2009; de Eyto et al. 2016) . For some glacial relict species which rely on cold winter temperatures as climate refugia, such as the Opossum shrimp Mysis salemaai and the Arctic charr Salvelinus alpinus, cold water temperatures are important for survival (Elliott and Elliott 2010; Penk et al. 2015) and such species decline rapidly when lake waters no longer reach "cold water" temperatures (Jeppesen et al. 2009 ). For example, rising winter lake temperatures have been linked to the disappearance of Arctic charr from Lake Vättern (Jonsson and Setzer 2015) .
Rising minimum temperatures, as shown in this study, imply that periods of warmer surface water temperatures are extended during winter. Such extended periods will affect the phenology of phytoplankton, zooplankton and even fish (Weyhenmeyer 2001; Thackeray et al. 2016; Hansen et al. 2017 ) and could also result in a mismatch of species interactions (Adrian et al. 2006; Thackeray et al. 2013) . Ultimately, the warming will affect the rate of primary production, the rate of decomposition and the appearance of cyanobacteria (Robarts and Zohary 1987) .
Our finding of an increase in annual minimum lake surface water temperature is applicable to other lakes globally, exclusively to lakes that do not experience ice cover and those situated in regions where winter air temperatures are increasing. The number of ice-free lakes worldwide is expected to increase with climatic warming (Sharma et al. 2019) ; thus, we further anticipate an increase in the number of lakes that experience a warming of annual minimum lake surface temperatures in the future. Our sensitivity analysis demonstrated that sampling frequency does not influence considerably the calculated rate of change in annual minimum lake surface temperature. Thus, there are good prospects for investigating annual minimum lake temperature changes in other lakes, even when daily observational data are not available. Increasing the study region to a global scale would help generalise the trends shown for lakes in this study, which did not differ considerably in terms of their size, depth and location, relative to lakes worldwide (Messager et al. 2016) . Understanding, predicting and quantifying the thermal response of lakes to abrupt and gradual climate change are critical for future decision-making involving water resource management policies and to understand how lake ecosystems will respond in the future.
Conclusions
Lake surface water temperature observations were analysed to investigate how annual minimum lake surface temperatures have responded to climate change and, in particular, an increase in winter air temperatures. Our results show, for many lakes, a rapid warming of annual minimum lake surface temperatures, with an average surface warming rate of + 0.35°C decade −1 between 1973 and 2014. Such an increase can have a substantial influence on a lake ecosystem. For example, it can influence the length of the growing season with consequent increases in bacterial and phytoplankton productivity. It can also decrease or even cause the loss of cold stenothermic species and disrupt food web structures leading to a possible mismatch of species interactions. Some aquatic ecosystems may be able to adapt to the observed changes in temperature extremes; however, possible regime shifts need to be taken into consideration during climate change discussions.
